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We suggest that the exclusive Higgs + light (or b)-jet production at the LHC, pp → h + j(jb),
is a rather sensitive probe of the light-quarks Yukawa couplings and of other forms of new physics
(NP) in the Higgs-gluon hgg and quark-gluon qqg interactions. We study the Higgs pT -distribution
in pp → h + j(jb) → γγ + j(jb), i.e., in h + j(jb) production followed by the Higgs decay h →
γγ, employing the (pT -dependent) signal strength formalism to probe various types of NP which
are relevant to these processes and which we parameterize either as scaled Standard Model (SM)
couplings (the kappa-framework) and/or through new higher dimensional effective operators (the
SMEFT framework). We find that the exclusive h+j(jb) production at the 13 TeV LHC is sensitive
to various NP scenarios, with typical scales ranging from a few TeV to O(10) TeV, depending on
the flavor, chirality and Lorentz structure of the underlying physics.
I. INTRODUCTION
The next runs of the LHC will be dedicated to two
primary tasks: the search for new physics (NP) and the
detailed scrutiny of the Higgs properties, which might
shed light on NP specifically related to the origin of mass
and flavor and to the observed hierarchy between the
two disparate Planck and ElectroWeak (EW) scales. In-
deed, the study of Higgs systems is in particular challeng-
ing, since it requires precision examination of some of its
weakest couplings (within the SM) and measurements of
highly non-trivial processes involving high jet multiplic-
ities, large backgrounds and low detection efficiencies.
The s-channel Higgs production and its subsequent de-
cays, pp → h → ff , which led to its discovery, are rel-
atively inefficient for NP searches. In particular, if the
NP scale, Λ, is of O(TeV) and larger, then its effect in
these processes is expected to be suppressed by at least
∼ m2h/Λ2, since most of these events come from the dom-
inant gluon fusion s-channel production mechanism and
are, therefore, clustered around
√
s ' mh. However, in
some fraction of the events, the Higgs recoils against one
or more hard jets and, thus, carries a large pT , which
may play a key role in the hunt for NP and/or for back-
ground rejection in Higgs studies. Indeed, a key observ-
able for Higgs boson events is the number of jets pro-
duced in the event. For that reason, and since the Higgs
pT distribution is sensitive to the production mechanism,
there has recently been a growing interest, both exper-
imentally [1–6] and theoretically [7–15], in the behavior
of the Higgs pT distribution in inclusive and exclusive
Higgs production, where the Higgs carries a substantial
fraction of transverse momentum (for earlier work see
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[16–19]). In particular, the Higgs pT distribution in the
exclusive Higgs + jets production, pp → h + nj, was
one of the prime targets of the measurements performed
recently by ATLAS and CMS [1–6].
In this paper we will thus focus on the exclusive Higgs
+ 1-jet production, pp→ h+ j, where j stands for either
a “light-jet” defined as any non-flavor tagged jet origi-
nating from a gluon or light-quarks j = g, u, d, c, s (i.e.,
assuming them to be indistinguishable from the observa-
tional point of view) or a b-quark jet (jb). It is interesting
to note that there has been some hints in the LHC 8 TeV
data for an excess in the h+j channel [3, 9], although the
statistics are still limited and the theoretical uncertain-
ties are relatively large. Indeed, a significant effort has
been dedicated in recent years, from the theory side, to-
wards understanding and reducing the uncertainties per-
taining to the Higgs+jet production cross-section at the
LHC [7, 8, 10–13, 20–22], with special attention given
to higher transverse momentum of the Higgs, where NP
effects are expected to become more apparent. In par-
ticular, the high-pT Higgs spectrum in pp → h + j(jb)
can be sensitive to various well motivated NP scenarios,
such as supersymmetry [23–26], heavy top-partners [27],
higher dimensional effective operators [28–32] and NP in
Higgs-top quark and Higgs-gluon interactions in the so-
called “kappa-framework”, where one assumes that the
hgg and htt interactions are scaled by some factor with
respect to the SM [33–36].
In general, there is a tree-level contribution to pp →
h + j(jb) in the SM from the hard processes gq →
qh, gq¯ → q¯h and qq¯ → gh (q = u, d, c, s, b). The cor-
responding SM tree-level diagrams, which are depicted
in Fig. 1, are proportional to the light-quarks Yukawa
couplings, yq, so that the SM tree-level contribution to
the overall pp → h + j(jb) cross-section is small (e.g.,
in the case of pp → h + c, it is at the percent level).
In particular, the squared matrix elements, summed and
averaged over spins and colors, for these tree-level hard
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2processes are:
∑∣∣∣Mqq¯→ghSM ∣∣∣2 = 2g2sy2qCqq m
4
h + sˆ
2
tˆuˆ
, (1)
∑∣∣∣Mqg→qhSM ∣∣∣2 = −CqqCqg ∑
∣∣∣Mqq¯→ghSM ∣∣∣2(sˆ↔ tˆ) , (2)∑∣∣∣Mq¯g→q¯hSM ∣∣∣2 = −CqqCqg ∑
∣∣∣Mqq¯→ghSM ∣∣∣2(sˆ↔ uˆ) , (3)
where sˆ = (p1 + p2)
2, tˆ = (p1 + p3)
2 and uˆ = (p2 + p3)
2,
defined for the process q(−p1) + q¯(−p2) → h + g(p3).
Also, gs is the strong coupling constant and Cqq = N2,
Cqg = NV are the color average factors, where V = N2−
1 = 8 corresponds to the number of gluons in the adjoint
representation of the SU(N) color group.
FIG. 1: The tree-level SM diagrams for gq → qh, where q =
u, d, c, s, b. The diagrams corresponding to gq¯ → hq¯ and qq¯ →
gh can be obtained by crossing symmetry, see also text.
Thus, in the limit yq → 0, the dominant and lead-
ing order (LO) SM contribution to the Higgs + light-jet
cross-section, σ(pp→ h+ j), arises from the 1-loop pro-
cess gg → gh, which is generated by 1-loop top-quark ex-
changes (and the subdominant b-quark loops [37]), and
can be parameterized by an effective Higgs-gluon ggh in-
teraction Lagrangian:
Lggheff = CghGaµνGµν,a , (4)
where Cg is the Higgs-gluon point-like effective coupling,
which at lowest order in the SM is [16, 17]: Cg =
αs/(12piv), where v = 246 GeV is the Higgs vacuum ex-
pectation value (VEV). In what follows we will use the
point-like ggh effective coupling of Eq. 4 with Cg given
as an asymptotic expansion in 1/mt up to m
−6
t , as im-
plemented in MADGRAPH5 for the Higgs effective field
theory (HEFT) model [38]. We will neglect throughout
this work the 1-loop effects of the b-quark and of the
lighter quarks with enhanced Yukawa couplings (i.e., as
large as the b-quark Yukawa), which are expected to yield
a correction at the level of a few percent compared to
the dominant top-quark loops, when the Higgs transverse
momentum is larger than ∼ mh/2 [37, 42].
This prescription for the Higgs-gluon coupling is a good
approximation for a Higgs produced with a pT (h)
<∼ 200
GeV, see e.g., [14, 43], whereas, as will be shown in this
work, the harder pT (h)
>∼ 200 GeV regime is important
for probing NP in Higgs +jet production. However, since
the exact form of the loop induced ggh interaction (i.e.,
using a finite top-quark mass) is currently unknown be-
yond LO (1-loop), we choose to work with the effective
ggh point-like interaction (as described above) in order
to simplify the calculation and the presentation of our
analysis. Given the exploratory nature of this work and
the type of study presented, this approximation is not
expected to have an effect on our results at a level which
changes the main outcome and conclusions of this work.
In particular, in order to give an estimate of the sensi-
tivity of our results to the calculation scheme, we will
also study and analyse some samples of our results using
the exact LO calculation of the 1-loop diagrams (mass
dependent top-quark exchanges) which involve the ggh
interaction vertex. Indeed, since this LO 1-loop calcu-
lation is the only currently available exact (mass depen-
dent) calculational setup for pp→ h+j(jb), a comparison
between the NP effects calculated with the point-like ggh
approximation and with the mass dependent 1-loop di-
agrams can serve as a yardstick for the uncertainty and
sensitivity of our results to the calculational setup.
The subprocesses gq → qh, gq¯ → q¯h and qq¯ → gh
(which, as can be seen from Eqs. 1-3, are proportional to
y2q at tree-level) also receive a 1-loop contribution from
the above ggh effective vertex (i.e., from the top-quark
loops), which is, however, small compared to the gg →
gh [16–19]. In particular, the gg → gh contribution to
σ(pp→ h+j) at the LHC is about an order of magnitude
larger than the one from gq → qh and more than two
orders of magnitude larger than the two other channels
gq¯ → q¯h and qq¯ → gh.
FIG. 2: The 1-loop SM diagrams for gg → gh, gq → qh
and qq¯ → gh, in the effective Higgs-gluon description, where
the loop-induced ggh and gggh vertices are represented by a
heavy dot. See also text.
The 1-loop (and LO for yq = 0) SM differential hard
cross-sections for gg → gh, gq → qh, gq¯ → q¯h and qq¯ →
gh (the corresponding SM diagrams for all channels are
shown in Fig. 2), expressed in terms of the above effective
ggh interaction and neglecting the light-quark masses,
3are given by [16, 17]:∑∣∣∣Mgg→ghSM ∣∣∣2 ' 96g2sC2gCgg m
8
h + sˆ
4 + tˆ2 + uˆ2
sˆtˆuˆ
, (5)
∑∣∣∣Mqq¯→ghSM ∣∣∣2 ' 16g2sC2gCqq tˆ
2 + uˆ2
sˆ
, (6)
∑∣∣∣Mqg→qhSM ∣∣∣2 ' −CqqCqg ∑
∣∣∣Mqq¯→ghSM ∣∣∣2(sˆ↔ tˆ) , (7)∑∣∣∣Mq¯g→q¯hSM ∣∣∣2 ' −CqqCqg ∑
∣∣∣Mqq¯→ghSM ∣∣∣2(sˆ↔ uˆ) , (8)
where Cgg = V 2 = 64 and sˆ = (p1 + p2)2, tˆ =
(p1 + p3)
2, uˆ = (p2 + p3)
2, with momenta defined
via h → g(p1) + g(p2) + g(p3) for gg → gh and via
q(−p1) + q¯(−p2)→ h+ g(p3) for qq¯ → gh.
Turning now to the possible manifestation of NP in
Higgs + jet production at the LHC, there are, in princi-
ple, two ways in which pp→ h+ j(jb) can be modified:
• when the NP generates new interactions that are
absent in the SM and that can potentially change
the SM kinematic distributions in this process.
• when the NP comes in the form of scaled SM cou-
plings, corresponding to the previously mentioned
kappa-framework.
We will explore both types of NP effects in pp→ h+j and
pp → h + jb and, in particular, focus on NP that modi-
fies the light and b-quarks Yukawa couplings and/or the
light and b-quarks interactions with the gluon, as well
as the Higgs-gluon effective vertex in Eq. 4. Indeed, the
Higgs mechanism of the SM implies that the fermion’s
Yukawa couplings are proportional to the ratio between
their masses and the EW VEV, i.e., yf ∝ mf/v. Thus, at
least for the light fermions of the 1st and 2nd generations
[where mf/v ∼ O(10−5) and mf/v ∼ O(10−4−10−3), re-
spectively], any signal which can be associated with their
Yukawa couplings would stand out as clear evidence for
NP beyond the SM. The current experimental bounds on
the Yukawa couplings of light-quark’s of the 1st and 2nd
generations, yu, yd, ys, yc, coming from fits to the mea-
sured Higgs data, allow them to be as large as the b-
quark Yukawa yb [39]. From the phenomenological point
of view, it is, therefore, important to explore the possi-
bility that the light-quark Yukawa couplings and/or their
interactions with the gauge boson’s are significantly en-
hanced or modified with respect to the SM. Indeed, there
has recently been a growing interest in the study of light-
quark’s Yukawa couplings, see e.g., [40–42, 44–49]. For
example, in [41, 42], the Higgs pT distributions in inclu-
sive Higgs production, pp→ h+X, was used to study the
sensitivity to yq, where it was shown that the measure-
ments from the 8 TeV LHC run constrain the Yukawa
couplings of the 1st generation quarks and the c-quark
to be yu, yd
<∼ 0.5yb [41] and yc <∼ 5yb [42], respectively.
Slightly improved bounds are expected in the inclusive
channel at the future LHC Runs: yu, yd
<∼ 0.3yb [41, 44]
and yc
<∼ yb [42]. As we will see below, a pT -dependent
ratio between the NP and SM cross-sections (the signal
strength) for the exclusive Higgs + jet production cross-
section, σ(pp → h + j), followed by the Higgs decays to
e.g., γγ and WW ?, may be used to put comparable and,
in some cases, stronger constraints on yq. In particular,
we will show that, if the ggh effective coupling also devi-
ates from its SM value, then significantly stronger bounds
on yq are expected.
We also explore exclusive Higgs + jet production in the
SMEFT, defined as the expansion of the SM Lagrangian
with an infinite series of higher dimensional effective op-
erators. We find that the exclusive pp→ h+ j(jb) signal
can probe the NP scenarios portrayed by the SMEFT
with typical scales ranging from a few to O(10) TeV,
depending on the details of underlying physics.
The paper is organized as follows: in section II we
outline our notation and define our observables for the
study of NP in pp→ h+j and pp→ h+jb. In sections III
and IV we discuss the NP effects in pp→ h+j(jb) within
the kappa and the SMEFT frameworks, respectively, and
in section V we summarize.
II. NOTATION AND OBSERVABLES
We define the signal strength for pp → h + j (and
similarly for pp → h + jb), followed by the Higgs decay
h → ff , where f can be any of the SM Higgs decay
products (e.g., f = b, τ, γ, W, Z), as the ratio of the
number of pp → h + j → ff + j events in some NP
scenario relative to the corresponding number of Higgs
events in the SM:
µfhj =
N (pp→ h+ j → ff + j)
NSM (pp→ h+ j → ff + j) . (9)
In particular, N is the event yield N = LσA, where
L is the luminosity, A is the acceptance in the signal
analysis (i.e., the fraction of events that ”survive” the
cuts) and  is the efficiency which represents the prob-
ability that the fraction of events that pass the set of
cuts are correctly identified. Clearly, the luminosity and
efficiency factors, L and , cancel by definition in µfhj
of Eq. 9, whereas the acceptance factors, A and ASM ,
do not in general, unless the NP in the numerator of
µfhj does not change the kinematics of the events. Given
the exploratory nature of this work, we will assume, for
simplicity, that A ' ASM in Eq. 9, in which case one
obtains:[1]
µfhj '
σ(pp→ h+ j)
σSM (pp→ h+ j) ·
BR(h→ ff)
BRSM (h→ ff) . (10)
[1] The effect of A 6= ASM can be estimated by simulating the
detector acceptance in the actual analysis, and scaling our results
below (for the signal strength µfhj) by the factor A/ASM .
4We further assume that there is no NP in the Higgs
decay h → ff and, for definiteness, we will occasionally
consider the decay channel h→ γγ (i.e., with a SM rate),
at the LHC with a luminosity of 300 fb−1 and/or 3000
fb−1 (corresponding to the high-luminosity LHC, HL-
LHC), representing the lower and higher statistics cases
for the Higgs + jet signal pp→ h+ j → γγ + j.
We will henceforward use the pT -dependent “cumula-
tive cross-section”, satisfying a given lower Higgs pT cut,
as follows:
σ(pcutT ) ≡ σ
(
pT (h) > p
cut
T
)
=
∫
pT (h)≥pcutT
dpT
dσ
dpT
,(11)
which turns out to be useful for minimizing the ratio be-
tween the higher-order and LO pp→ h+ j cross-sections
(i.e., the K-factor) for values of pcutT
>∼ 150 GeV [8, 11].
Furthermore, as was mentioned earlier and will be shown
below, the pT -distribution of the Higgs may be sensitive
to the specific type of the underlying NP, so that the
cumulative cross-section of Eq. 11 gives an extra handle
for extracting the NP effects in pp→ h+ j, without hav-
ing to analyze fully differential quantities associated with
pp→ h+ j.
All cross-sections are calculated using MadGraph5
[50] at LO parton-level, where a dedicated universal
FeynRules output (UFO) model was produced for the
MadGraph5 sessions using FeynRules [51], for both the
kappa and SMEFT frameworks. The analytical re-
sults were cross-checked with Formcalc [52], while in-
termediate steps were validated using FeynCalc [53].
We use the LO MSTW 2008 PDF set [54], in the 4
flavor and 5 flavor schemes MSTW2008lo68cl nf4 and
MSTW2008lo68cl, respectively, with a dynamical scale
choice for the central value of the factorization (µF ) and
renormalization (µR) scales, corresponding to the sum of
the transverse mass in the hard-process level: µF = µR =
µT ≡
∑
i
√
m2i + p
2
T (i) =
√
m2h + p
2
T (h) + pT (j). The
uncertainty in µF and µR is evaluated by varying them
in the range 12µT ≤ µF , µR ≤ 2µT . As mentioned above,
all cross-sections were calculated with a lower pT (h) cut
and, in some instances, an overall invariant mass cut was
imposed using Mad-Analysis5 [55].
To study the sensitivity of µfhj to NP we define our NP
signal to be (recall that µfhj(SM) = 1):
∆µfhj ≡| µfhj − 1 | , (12)
and assume that µfhj will be measured to a given accuracy
δµfhj,exp(1σ), with a central value µˆ
f
hj,exp:
µfhj,exp = µˆ
f
hj,exp ± δµfhj,exp(1σ) . (13)
Thus, taking µˆfhj,exp = µ
f
hj (µ
f
hj being our prediction
for the measured value µˆfhj,exp), the statistical signifi-
cance of the NP signal is:
NSD =
∆µfhj
δµfhj
, (14)
which we will use in the following analysis, where δµfhj
represents the combined experimental and theoretical 1σ
error, e.g., δµfhj =
√(
δµfhj,theory
)2
+
(
δµfhj,exp
)2
. In
particular, in the spirit of the ultimate goal of the Higgs
physics program, which is to reach a percent level accu-
racy in the measurements and calculations of Higgs pro-
duction and decay modes [56], we will assume through-
out this work that the signal strength defined above, for
Higgs+jet production followed by the Higgs decay, will
be measured and known to a 5%(1σ) accuracy. That is,
that the combined experimental and theoretical uncer-
tainties will be pushed down to δµfhj = 0.05(1σ). Indeed,
achieving such an accuracy is both a theoretical and ex-
perimental challenge, which, however, seems to be feasi-
ble in the LHC era with the large statistics expected in
the future runs and in light of the recent progress made
in higher-order calculations.
FIG. 3: The ratio rggh defined in Eq. 15, as a function
of pcutT : rggh = σ
point−like
SM (p
cut
T )/σ
exact−LO
SM (p
cut
T ), where
σpoint−likeSM (p
cut
T ) and σ
exact−LO
SM (p
cut
T ) are the cumulative SM
cross-sections which are calculated for a given pcutT , using the
point-like ggh approximation and the full LO 1-loop set of
diagrams, respectively. See also text.
Finally, we wish to briefly address the uncertainty as-
sociated with the effective point-like ggh approximation
which we use for the calculation of all the SM-like dia-
grams for pp→ h+ j(jb) that involve the ggh interaction
(i.e., all diagrams in Fig. 2 in the pp→ h+j case and dia-
gram (e) in Fig. 2 for the pp→ h+jb case). As mentioned
earlier, for the differential pT (h) distribution, dσ/dpT (h),
this approximation is accurate up to pT (h)
<∼ 200 GeV.
As a result, the pT -dependent cumulative cross-section
defined in Eq. 11 accrues an error which depends on the
pcutT used. To estimate the corresponding uncertainty in
σSM (p
cut
T ), we plot in Fig. 3 the ratio:
rggh ≡ σ
point−like
SM (p
cut
T )
σexact−LOSM (p
cut
T )
, (15)
5as a function of pcutT for both pp→ h+j and pp→ h+jb,
where σpoint−likeSM (p
cut
T ) and σ
exact−LO
SM (p
cut
T ) are the cu-
mulative cross-sections which are calculated for a given
pcutT , using the point-like ggh approximation and the full
LO 1-loop set of diagrams (i.e., top-quark loops with a fi-
nite top-quark mass), respectively. The loop-induced SM
cross-sections were calculated using the loopSM model of
MadGraph5.
We see that the point-like ggh approximation overes-
timates the cumulative cross-sections for exclusive Higgs
+ jet production, in particular at large pT (h), and that
the effect is more pronounced in the Higgs + b-jet case.
In particular, for pcutT = 100, 200, 400 GeV, we find
rggh ∼ 1, 1.4, 2.9 for pp→ h+j and rggh ∼ 1.3, 1.8, 3.6
for pp → h + jb. Thus, by using the effective point-
like ggh vertex we are overestimating the Higgs + jet
cross-sections (which are dominated by the SM diagrams
involving the ggh interaction) and, therefore, the corre-
sponding expected number of Higgs + jet events, roughly
by a factor of rggh. On the other hand, as will be shown
later, the statistical significance of the signals (NSD de-
fined in Eq. 14 above) only mildly depend on the calcu-
lation scheme (i.e., on rggh). We will address these issues
in a more quantitative manner below.
III. HIGGS + JET PRODUCTION IN THE
KAPPA-FRAMEWORK
The kappa-framework is defined by multiplying the SM
couplings gi by a scaling factor κi, which parameterizes
the effects of NP when it has the same Lorentz structure
as the corresponding SM interactions [57, 58]. In the
case of pp→ h+ j(jb), the relevant scaling factors apply
to the effective (1-loop) Higgs-gluon interaction of Eq. 4
and to the light and/or b-quark Yukawa couplings. In
particular, the effective interaction Lagrangian for pp→
h+ j(jb) in the kappa-framework, takes the form:
Lh+jeff = −
∑
q=u,d,s,c,b
κq
mb
v
hq¯q + κgCghG
a
µνG
µν,a , (16)
where we have scaled the light-quark Yukawa coupling,
yq, with the SM b-quark Yukawa:
κq ≡ yq
ySMb
, (17)
and ySMb =
√
2mb/v. In particular, κg = 1, κb = 1,
κc ∼ 0.3, κs ∼ O(10−2) and κu,d ∼ O(10−3) are the
SM strengths for the corresponding couplings. In what
follows, we will refer to the SM case by κu,d,c,s = 0, since
the effect of the small SM values for κu,d,c,s in pp→ h+j
are negligible.
A. The case of Higgs + light-jet production
As mentioned earlier, in the case of pp → h + j,
where j = g, u, d, s, c is a non-flavor tagged light-jet
originating from a gluon or any quark of the 1st and
2nd generations, the SM tree-level diagrams involving
the light-quarks Yukawa couplings are vanishingly small
(see Eqs. 1-3). Therefore, the dominant SM contribution
to σ(pp → h + j) arises at 1-loop via the sub-processes
gg → gh, gq → qh, gq¯ → q¯h and qq¯ → gh (the corre-
sponding diagrams are depicted in Fig. 2, where the loops
are represented by an effective ggh vertex). In particular,
using the Higgs-gluon effective Lagrangian of Eq. 4, the
corresponding total SM cross-section for pp→ h+ j can
be written as:
σhjSM = C
2
g
(
σggSM + σ
gq
SM + σ
gq¯
SM + σ
qq¯
SM
)
, (18)
where σijSM , for ij = gg, gq, gq¯, qq¯, can be obtained from
the corresponding squared amplitudes given in Eqs. 5-8.
For example, σggSM is part of the SM cross-section coming
from gg → gh, which is the dominant sub-process in the
SM.
On the other hand, turning on the light-quark qqh
Yukawa couplings and allowing for deviations also in the
Higgs-gluon ggh interaction, within the kappa-framework
of Eq. 16, we obtain the total NP cross-section for
pp→ h+ j:
σhj = κ2gσ
hj
SM + κ
2
qσ
hj
qqh , (19)
where σhjSM ' σhj(κg = 1, κq = 0) is given in Eq. 18 and
σhjqqh = σ
hj(κg = 0, κq = 1) arises from the the s-channel
and t-channel tree-level gq → qh diagrams, depicted in
Fig. 1, where only the (scaled) light-quarks qqh Yukawa
couplings contribute. The interference term between the
diagrams involving the ggh and qqh couplings is propor-
tional to the light-quark mass and is, therefore, neglected
in Eq. 19. In particular, σhj is practically insensitive to
the signs of κg and κq.
Furthermore, in the hgg − hq¯q kappa-framework of
Eq. 16, the ratio of branching ratios in Eq. 10 is given
by:
µh→ff ≡ BR(h→ ff)
BRSM (h→ ff)
=
1
1 +
(
κ2g − 1
)
BRggSM + κ
2
qBR
bb
SM
, (20)
where BRgg,bbSM = BRSM (h→ gg, bb) and we will assume
no NP in the Higgs decay h → ff . In particular, as
mentioned above, we assume that the Higgs decays via
h→ γγ with a SM decay rate.
Collecting the expressions from Eqs. 10, 19 and 20, we
obtain the signal strength in the kappa-framework:
µfhj =
(
κ2g + κ
2
qR
hj
) · µh→ff , (21)
where
Rhj ≡ σ
hj
qqh
σhjSM
, (22)
6is the NP contribution scaled with the SM cross-section
and calculated using cumulative cross-sections, as defined
in Eq. 11, i.e., for a given pcutT in both numerator and
denominator: Rhj = Rhj(pcutT ) = σ
hj
qqh(p
cut
T )/σ
hj
SM (p
cut
T ).
The ratio Rhj contains all the dependence of µfhj on the
Higgs pT and, as will be further discussed below, is where
all the uncertainties reside, i.e., the higher order correc-
tions (K-factor), the theoretical uncertainty of the PDF
due to variations of the renormalization and factorization
scales and the acceptance factors.
FIG. 4: The pcutT dependence of R
hj (top) and µfhj (bottom),
for κg = 1 (i.e., assuming no NP in the ggh interaction) and
the cases κq = 1 for all q = u, d, s, c (solid line), κu = 1
(dashed line), κd = 1 (dotted line), κs = 1 (dot-dashed line)
and κc = 1 (thin solid line).
In Fig. 4 we show the dependence of Rhj and the sig-
nal strength, µfhj , on p
cut
T , assuming no NP in the hgg
interaction (κg = 1) and for the cases in which either a
single or all light-quark Yukawa couplings are modified,
i.e., κq = 1 for any one of the light-quarks q = u, d, s, c
or κq = 1 for all q = u, d, s, c. We find that the effect of
κq 6= 0 is to change the softer pT (h) spectrum, so that
Rhj drops when pcutT is increased. As a result, the con-
tribution of κq to pp→ h+ j sharply drops in the harder
pT (h) region, pT (h)
>∼ 300 GeV, where Rhj <∼O(0.1), see
Fig. 4.
Note, however, that the signal strength approaches an
asymptotic value as pcutT is further increased, which cor-
responds to the region where the κq dependence of µ
f
hj
is dominated by the decay factor µh→ff in Eq. 20. In
particular, µfhj → 0.6− 0.7 in the single κq = 1 case and
µfhj → 0.3 when κq = 1 for all light-quarks. Thus, in the
high Higgs pT regime, the difference between the effects
of a single κq 6= 0 is small, i.e., for either of the quark fla-
vors q = u, d, c, s. The advantage of monitoring the high
pT (h) spectrum, where R
hj is suppressed is, therefore,
reducing the theoretical and experimental uncertainties
which, as mentioned above, reside only in Rhj . Indeed,
this will be illustrated in Table I below, where we show
the sensitivity of the signal to the theoretical uncertainty
obtained by scale variations.
In Fig. 5 we plot the expected statistical significance,
NSD defined in Eq. 14, assuming a 5% relative error
(δµfhj = 0.05), as a function of κq for two cases: (i) κq 6= 0
for all q = u, d, s, c and (ii) only κu 6= 0. In both cases we
assume no NP in the Higgs-gluon coupling (κg = 1) and
we use two different pcutT values p
cut
T = 100, 400 GeV.
We see that, in the single κu 6= 0 case, there is a 3σ
sensitivity to values of κu
>∼ 0.6, for κg = 1 and using
pcutT = 400 GeV. In the case where the NP modifies κq
for all q = u, d, c, s, one can expect a deviation of more
than 3σ for values of κq
>∼0.3. We also show in Fig. 5 the
corresponding expected number of pp→ h+ j → γγ + j
events, as a function of κq for cases (i) and (ii) consid-
ered above, with pcutT = 100 and 400 GeV and an in-
tegrated luminosity of 300 and 3000 fb−1, respectively,
assuming a signal acceptance of 50%. We can see that
around 1000(100) pp → h + j → γγ + j events with
pT (h) > 100(400) GeV are expected at the LHC(HL-
LHC), i.e., with L = 300(3000) fb−1. Thus, in both
cases it should be possible to probe the NP effects when
the Higgs decays via h→ γγ.
The signal strength µfhj is more sensitive to NP in the
Higgs-gluon coupling, i.e., to κg. We find, for example,
that if µfhj is known to a 5%(1σ) accuracy, then a de-
viation of more than 3σ is expected for κg
<∼ 0.9 for any
value of κq and for any p
cut
T
<∼500 GeV. This is illustrated
in Fig. 6 where we plot the 68%, 95% and 99% confi-
dence level (CL) allowed ranges in the κq − κg plane, for
pcutT = 400 GeV and assuming that the signal strength
has been measured to be µfhj ∼ 1± 0.05(1σ), i.e., with a
SM central value and to an accuracy of δµfhj = 5%(1σ).
Here also, we consider both the single κu case where
κu 6= 0 and κd = κs = κc = 0 and the case where κq 6= 0
for all q = u, d, s, c. In particular, values of {κq, κg} out-
7FIG. 5: The expected statistical significance, NSD = ∆µ
f
hj/δµ
f
hj , and the number of pp→ h+ j → γγ+ j events, as a function
of κq, for κg = 1 (i.e., assuming no NP in the hgg interaction) and for p
cut
T = 100 GeV (upper plots) and p
cut
T = 400 GeV
(lower plots). The two cases of a single κu 6= 0 (dashed line) and κq 6= 0 for all q = u, d, s, c (solid line), are considered. We
assume a 5% relative error (δµfhj = 0.05) and an acceptance of 50% in the event yield, with a luminosity of L = 300 fb−1 for
the pcutT = 100 GeV case and L = 3000 fb−1 in the pcutT = 400 GeV case.
side the shaded 99% contour will be excluded at more
than 3σ, if the signal strength will be measured to lie
within 0.85 < µfhj < 1.15.
In Table I we list the statistical significance of the NP
signal, NSD = ∆µ
f
hb
/δµfhb , as defined in Eq. 14, again
assuming 5% error (δµfhj = 0.05(1σ)), for p
cut
T = 400 GeV
and some discrete values of the scaled couplings: κq =
0, 0.25, 0.5 and κg = 0.8, 0.9, 1, 1.1, 1.2. Here also, results
are given in the single κu case and in the case where
κq 6= 0 for all q = u, d, s, c. We include the theoretical
uncertainty obtained by scale variations and (although of
little use) write NSD up to the 2nd digit to illustrate the
small uncertainty due the scale variation. Note that for
κq = 0 there is no dependence on the scale of the PDF
since, in this case, it is cancelled in the ratio of cross-
sections as defined in the signal strength µfhj . We see that
indeed the effect of the variation of scale with which the
PDF is evaluated is negligible due to the smallness of Rhj
in the harder pT spectrum, in particular for p
cut
T = 400
GeV used in the Table I (see also discussion above).
All the results presented in this section were obtained
using the effective point-like ggh approximation, which
as was shown in section II (see Fig. 3), overestimates the
contribution of the SM-like diagrams involving the 1-loop
ggh vertex when compared to the 1-loop induced (top-
mass dependent) terms. In particular, this approxima-
tion effects the denominator of the scaled NP ratio Rhj in
Eq. 22, i.e., the SM cumulative cross-section σhjSM (p
cut
T ).
To give a feeling for the sensitivity of our results to the
underlying calculation setup at the high pT (h) regime,
where the point-like ggh approximation shows O(1) de-
viations, we recalculate the statistical significance NSD
in Table I using the top-mass dependent 1-loop result for
σhjSM (p
cut
T ) in Eq. 22. In this case, the scaled NP ratio
Rhj changes to:
Rhj → R˜hj = rgghRhj , (23)
8FIG. 6: The 68%(red), 95%(orange) and 99%(green) CL
sensitivity ranges, corresponding to ∆µfhj ≡
∣∣∣µfhj − 1∣∣∣ ≤
0.05, 0.1 and 0.15, respectively, with pcutT = 400 GeV, in
the κu − κg plane for κd = κs = κc = 0 (top) and in the
κq − κg plane for κq = κu = κd = κs = κc (bottom). Recall
that κg = 1 and κu,d,c,s → 0 represent the SM case, see also
text.
where rggh, which is defined in Eq. 15, is the ratio be-
tween the point-like and the LO loop-induced (mass de-
pendent) SM cross-sections. Thus, replacing Rhj → R˜hj
in the expression of Eq. 21 for the signal strength and
using the definition for NSD in Eq. 14, we obtained the
statistical significance in the exact 1-loop case:
N˜SD = rgghNSD −
(rggh − 1)
(
κ˜2gµh→ff − 1
)
δµfhj
, (24)
where µh→ff is the scaled Higgs decay branching ra-
tio defined in Eq. 20 and δµfhj is the assumed 1σ er-
ror (see Eq. 14). Note that in Eq. 24 above we have
Statistical significance NSD =
∆µ
f
hj
δµ
f
hj
κu 6= 0, κd = κs = κc = 0
κu = 0 κu = 0.25 κu = 0.5
κg = 0.8 6.79 7.12
−0.03
+0.03 8.0
−0.11
+0.10
κg = 0.9 3.53 3.97
−0.03
+0.03 5.14
−0.11
+0.10
κg = 1.0 0 0.56
−0.03
+0.03 2.03
−0.11
+0.10
κg = 1.1 3.78 3.09
+0.03
−0.03 1.30
+0.11
−0.10
κg = 1.2 7.75 6.95
+0.03
−0.03 4.84
+0.11
−0.10
κq 6= 0 for all q = u, d, s, c
κq = 0 κq = 0.25 κq = 0.5
κg = 0.8 6.79 8.30
−0.05
+0.04 11.13
−0.13
+0.12
κg = 0.9 3.53 5.43
−0.05
+0.04 9.03
−0.13
+0.12
κg = 1.0 0 2.32
−0.05
+0.04 6.74
−0.13
+0.12
κg = 1.1 3.78 1.01
+0.05
−0.04 4.26
−0.13
+0.12
κg = 1.2 7.75 4.55
+0.04
−0.04 1.61
−0.13
+0.11
TABLE I: The statistical significance of the NP signal for
pp→ h+ j, NSD = ∆µfhj/δµfhj , assuming a 5% error (δµfhj =
0.05(1σ)), for pcutT = 400 GeV and for values of the scaled
couplings κq = 0, 0.25, 0.5 and κg = 0.8, 0.9, 1, 1.1, 1.2, in the
single κu case assuming κd = κs = κc = 0 (top table) and in
the case where κq 6= 0 for all q = u, d, s, c (bottom table). The
errors indicate the theoretical dependence on the PDF scale,
where the superscript(subscript) corresponds to twice(half)
the nominal scale µF = µR = µT ≡ ∑i√m2i + p2T (i), see
also text.
denoted the the modified ggh interaction by κ˜g (rather
than κg), since caution has to be taken when interpret-
ing the NP associated with the ggh vertex in the exact
top-quark 1-loop case. In particular, in the calculation
of σhj = σ(pp→ h+ j) using the effective point-like ggh
interaction, κg simply corresponds to the scaling of the
effective ggh SM vertex (see Eq. 16) and, therefore, to
the ratio κg =
√
σhj/σhjSM (see Eq. 19 for κq = 0). On
the other hand, in the exact LO (1-loop) calculation, the
diagrams in Fig. 2 involving NP in the effective ggh inter-
action should be added at the amplitude level to the SM
1-loop diagrams (i.e., with the top-quark loops). Thus,
in this case, generic NP effects associated with the ggh
vertex in σhj can be parameterized as follows [28, 35]:
σhj(κq = 0) =
(
κ2t +Aκtκg +Bκ
2
g
)
σhjSM ≡ κ˜2gσhjSM ,(25)
where κt ≡ yt/ySMt is the tth coupling modifier (which
parameterizes potential NP in the SM top-quark loop
diagrams) and A,B are phase-space coefficients which
depend on the lower Higgs pT cut (p
cut
T ), see [28]. Thus,
when considering NP in pp → h + j within the exact 1-
loop calculation, the ggh coupling modifier κ˜g (defined in
Eq. 25), which appears in Eq. 24 and in Table II should be
interpreted as the overall NP effect in the ggh interaction,
where κ˜g = κt corresponds to NP which modifies only
9the tth Yukawa coupling while κ˜g =
√
1 +Aκg +Bκ2g
applies to the case where κt = 1 and the NP arises from
some other underlying heavy physics which is integrated
out and generates the ggh effective interaction of Eq. 16.
This interpretation of κ˜g applies to all instances below
where we discuss our results for the NP effect in pp →
h+ j(jb) within the exact LO 1-loop case.
In Table II we list the statistical significance N˜SD cal-
culated according to Eq. 24, again taking a 5% error
δµfhj = 0.05(1σ), p
cut
T = 400 GeV and the same values of
the scaled couplings as in Table II, where here only the
single κu 6= 0 case is considered. We also list in Table
II the values of NSD of Table I (i.e., corresponding to
the case where the diagrams involving the ggh interac-
tion are calculated with the point-like ggh interaction).
We see that the expected significance of the NP signal in
pp→ h+ j is mildly sensitive to the calculation scheme.
In particular, variations at the level of 0.1σ − 1σ are ob-
served in NSD depending on the values of the scaled NP
couplings κq and κg (note that N˜SD = NSD for κu = 0),
so that the point-like ggh approximation is indeed useful
for estimating the NP effect in pp→ h+j even for events
with pT (h) > 400 GeV.
N˜SD (NSD)
κu 6= 0, κd = κs = κc = 0
κu = 0 κu = 0.25 κu = 0.5
κ˜g = 0.8 6.8(6.8) 6.8(7.1) 7.0(8.0)
κ˜g = 0.9 3.5(3.5) 3.7(4.0) 4.1(5.1)
κ˜g = 1.0 0(0) 0.3(0.6) 1.0(2.0)
κ˜g = 1.1 3.8(3.8) 3.4(3.1) 2.3(1.3)
κ˜g = 1.2 7.8(7.8) 7.2(7.0) 5.8(4.8)
TABLE II: The statistical significance of the NP signal for
pp → h + j, N˜SD, corresponding to the case where the SM
cross-section is calculated exactly (mass dependent) at 1-
loop (LO) and given in Eq. 24. As in Table I, results are
shown for 5% error (δµfhj = 0.05(1σ)), p
cut
T = 400 GeV
and for values of the scaled couplings κu = 0, 0.25, 0.5 and
κ˜g = 0.8, 0.9, 1, 1.1, 1.2, in the single κu 6= 0 case assuming
κd = κs = κc = 0. We also list in parenthesis the corre-
sponding values of the statistical significance NSD for the case
where the SM cross-section is calculated with the point-like
ggh approximation. See also text.
B. The case of Higgs + b-jet production
We next turn to Higgs + b-jet production, which can
be described in the five flavor scheme (5FS), where one
treats the b-quark as a massless parton while keeping its
Yukawa coupling finite [59], see also [60, 61]. In particu-
lar, the LO contribution to pp→ h+jb arises at tree-level
by the same diagrams that drive the subprocess qg → hq
(and the charged conjugate one gb¯→ b¯h), shown in Fig. 1
with q = b. The cross-section for these diagrams is pro-
portional to the bbh Yukawa coupling (squared) and can
be obtained from the corresponding squared amplitudes
which are given in Eqs. 1-3. The 1-loop contribution to
gb→ bh, which, in the infinite top-quark mass limit, can
be described by the effective ggh vertex (see Fig. 2), is
given in Eqs. 6-8. It is comparable to the LO tree-level
one at low pT (h)
<∼ 100 GeV, while it dominates at the
higher pT (h) spectrum (see below).
[2]
Let us denote the corresponding tree-level and 1-loop
cumulative cross-sections (following Eq. 11) for pp →
h + jb as σ
hjb
bbh ≡ σhjbbbh(pcutT ) and σhjbggh ≡ σhjbggh(pcutT ), re-
spectively. Thus, in the kappa-framework where κb and
κg are the only NP scaled couplings, the total Higgs + b-
jet cross-section is (again there is negligible interference
between the diagrams involving the bbh and ggh interac-
tions):
σhjb = κ2gσ
hjb
ggh + κ
2
bσ
hjb
bbh , (26)
so that the SM cross-section is obtained for κg = κb = 1,
i.e., σhjbSM = σ
hjb
ggh + σ
hjb
bbh.
The signal strength for pp→ h+ jb → ff + jb is then
given by:
µfhjb =
N (pp→ h+ jb → ff + jb)
NSM (pp→ h+ jb → ff + jb)
'
(
κ2g
1 +Rhjb
+
κ2b
1 + (Rhjb)
−1
)
· µbh→ff , (27)
where
Rhjb ≡ σ
hjb
bbh
σhjbggh
, (28)
and
µbh→ff ≡
BR(h→ ff)
BRSM (h→ ff)
=
1
1 +
(
κ2g − 1
)
BRggSM + (κ
2
b − 1)BRbbSM
.(29)
Once again, all the uncertainties associated with the
measurement of µfhjb reside in the ratio of cross-sections
Rhjb and in the limit Rhjb  1, we get an expression for
µfhjb which is similar to the one obtained for the Higgs +
light-jet case in Eq. 21, with the replacement κq → κb:
µfhjb(R
hjb  1) ' (κ2g + κ2bRhjb) · µbh→ff . (30)
[2] Note that the Higgs + light-jet processes (in particular, the dom-
inant gluon-fusion process gg → hg) may ”contaminate” the
Higgs + b-jet signal, when the light jet is mistagged as a b-
jet. The probability for that is, however, expected to be at the
sub-percent level for a b-tagging efficiency of b ∼ 60− 70% and
is, therefore, neglected.
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In particular, we find that, as in the Higgs + light-jet
case, the κb term is important for softer pT (h) for which
Rhjb ∼ O(1), while the κg contribution is dominant at
the harder pT (h) regime, where R
hjb  1. For exam-
ple, we obtain Rhjb ∼ 2 for pcutT ∼ 35 GeV, dropping to
Rhjb ∼ 1 at pcutT ∼ 90 GeV (i.e., the point where σhjbbbh is
comparable to σhjbggh), then to R
hjb ∼ 0.4 for pcutT ∼ 200
GeV and further to Rhjb ∼ 0.15 at pcutT ∼ 400 GeV. Thus,
here also, the effects of higher-order corrections and vari-
ation of scales, as well as the acceptance factors, become
insignificant when the signal strength is evaluated for a
high pcutT ∼ 400 GeV, for which Rhjb ∼ O(0.1).
In Fig. 7 we show the dependence of the signal strength
µfhjb on p
cut
T , assuming no NP in the Higgs-gluon ggh in-
teraction (κg = 1) and for values of κb within 0 < κb <
1.5, which are consistent with the current measurements
of the 125 GeV Higgs production and decay processes
[62]. We see that, once again, the signal strength ap-
proaches an asymptotic value (for a given κb value) as
pcutT is increased, which is where the κg term dominates
and the κb dependence arises mostly from the decay fac-
tor µbh→ff in Eq. 29.
We also show in Fig. 7 the expected number of pp →
h + jb → γγ + jb events, N(pp → h + jb → γγ + jb) =
L · σ(pp→ h+ jb) ·BR(h→ γγ) · A · b, as a function of
pcutT at the HL-LHC with L = 3000 fb−1, an acceptance
of A = 0.5 and a b-jet tagging efficiency of 70%, i.e.,
b = 0.7. We see that, under these conditions and for
the values of κg and κb considered, a p
cut
T
<∼ 100 GeV is
required to ensure O(100) pp→ h+ jb → γγ+ jb events.
In particular, N (pp → h + jb → γγ + jb) ∼ O(1000) for
pcutT ∼ 30 GeV and N (pp → h + jb → γγ + jb) ∼ O(10)
for pcutT ∼ 200 GeV, respectively.
Statistical significance NSD =
∆µ
f
hjb
δµ
f
hjb
κb = 0.5 κb = 0.75 κb = 1 κb = 1.25 κb = 1.5
κg = 0.8 0.4
+0.6
−0.3 2.8
+0.08
−0.08 4.6
−0.3
+0.3 6.0
−0.6
+0.6 6.9
−0.7
+0.7
κg = 0.9 3.5
−0.8
+0.8 0.2
−0.08
+0.3 2.4
−0.2
+0.2 4.3
−0.4
+0.4 5.6
−0.7
+0.7
κg = 1.0 7.5
−1.0
+1.0 3.3
−0.4
+0.5 0 2.4
−0.3
+0.3 4.2
−0.6
+0.6
κg = 1.1 11.8
−1.3
+1.3 6.7
−0.7
+0.7 2.6
−0.2
+0.2 0.4
−0.2
+0.2 2.6
−0.5
+0.5
κg = 1.2 16.1
−1.5
+1.5 10.2
−0.9
+0.9 5.3
−0.3
+0.3 1.7
−0.07
+0.07 0.9
−0.4
+0.4
TABLE III: The statistical significance of the NP signal
for pp → h + jb, NSD = ∆µfhjb/δµ
f
hjb
, assuming δµfhjb =
0.05(1σ), for pcutT = 200 GeV and for values of the scaled cou-
plings κb = 0.5, 0.75, 1, 1.25, 1.5 and κg = 0.8, 0.9, 1, 1.1, 1.2.
The errors indicate the theoretical uncertainty obtained
by scale variations, where the superscript(subscript) corre-
sponds to twice(half) the nominal scale µF = µR = µT ≡∑
i
√
m2i + p
2
T (i), see also text.
In the following, we will therefore use pcutT = 30 GeV
and 200 GeV as two representative extreme cases, where
the former can be detected in the pp → h + jb → γγ +
jb channel, while the latter is more suited for a higher
FIG. 7: The pcutT dependence of µ
f
hjb
(top) and of the expected
number of events N(pp → h + jb → γγ + jb) = L · σ(pp →
h + jb) · BR(h → γγ) · A · b (bottom) at the HL-LHC with
L = 3000 fb−1, an acceptance of A = 0.5 and a b-jet tagging
efficiency of b = 0.7. The curves are for κg = 1 (i.e., assuming
no NP in the ggh interaction) and for κb = 0, 0.5, 1, 1.5 (κb =
1 corresponds to the SM case where µfhjb = 1).
statistics channel, such as pp → h + jb → WW ? + jb
followed by the leptonic W-decays WW ? → 2`2ν, which
has a rate about five times larger than pp → h + jb →
γγ + jb. In Fig. 8 we plot the statistical significance of
the signals, NSD = ∆µ
f
hjb
/δµfhjb , for p
cut
T = 30 and 200
GeV, as a function of κb, assuming κg = 1 and a 5%(1σ)
error δµfhjb = 0.05. We see that, for p
cut
T = 200 GeV a
3σ effect is expected if κb
<∼0.8 and/or κb>∼1.3, while for
pcutT = 30 GeV a larger deviation from the SM is required,
i.e., κb
<∼0.5 and/or κb>∼2.2, for a statistically significant
signal of NP in pp→ h+ jb → γγ + jb.
In Fig. 9 we plot the 68%, 95% and 99% CL sensitivity
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FIG. 8: The statistical significance, NSD = ∆µ
f
hjb
/δµfhjb , as
a function of κb for p
cut
T = 30 GeV (solid line) and p
cut
T =
200 GeV (dashed line), assuming κg = 1 and a 5%(1σ) error
δµfhjb = 0.05. See also text.
ranges of NP in the κb − κg plane, for pp→ h+ jb with
pcutT = 30 GeV and p
cut
T = 200 GeV, assuming again that
µfhj ∼ 1 ± 0.05(1σ), i.e., around the SM value with a
5%(1σ) accuracy. We see that the two pcutT cases probe
different regimes in the κg − κb plane and are, therefore,
complementary.
Finally, in Table III we list the statistical significance of
NP in pp→ h+ jb, for δµfhjb = 0.05(1σ), pcutT = 200 GeV
and for several discrete values of the scaled couplings:
κb = 0.5, 0.75, 1, 1.25, 1.5 and κg = 0.8, 0.9, 1, 1.1, 1.2.
We include again the theoretical uncertainty obtained by
scale variations, which we find to be somewhat higher
than in the case of pp→ h+ j.
Here also we can estimate the sensitivity of the
signal to the calculational setup, using the prescription
described in the previous section. In particular, we
find that calculating Rhjb in Eq. 28 with the exact
1-loop finite top-quark mass effect in σhjbggh, the statistical
significance values quoted in Table III can vary by up to
a few standard deviations depending on the values of the
scaled couplings κ˜g and κb. For example, for (κb, κ˜g) =
(0.5, 0.8), (0.5, 1.0), (0.75, 1.1), (1.0, 1.2), (1.25, 0.8) (see
the definition of κ˜g in Eq. 25 and discussion therein),
the expected statistical significance changes from
NSD = 0.4, 7.5, 6.7, 5.3, 6.0 in the point-like ggh approxi-
mation to N˜SD = 2.3, 4.0, 4.4, 4.1, 4.0 in the loop-induced
(top-quark mass dependent) case.
FIG. 9: The 68%(red), 95%(orange) and 99%(green) CL al-
lowed ranges in the κb − κg plane, corresponding to ∆µfhj ≡∣∣∣µfhj − 1∣∣∣ ≤ 0.05, 0.1 and 0.15, respectively, for pp → h + jb
events with pT (h) > 30 GeV (top) and pT (h) > 200 GeV
(bottom).
IV. HIGGS + JET PRODUCTION IN THE
SMEFT
The SMEFT is defined by expanding the SM La-
grangian with an infinite series of higher dimensional op-
erators, O(n)i (using only the SM fields), as [63, 64]:
LSMEFT = LSM +
∞∑
n=5
1
Λ(n−4)
∑
i
f
(n)
i O(n)i , (31)
where Λ is the scale of the NP that underlies the SM,
n denotes the dimension and i all other distinguishing
labels.
Considering the expansion up to operators of dimen-
sion 6 (for a complete list of dimension 6 operators in the
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SMEFT, see e.g. [64]), we will study here the following
subset of operators that can potentially modify the Higgs
+ jet production processes:
Ouφ =
(
φ†φ
) (
Q¯Lφ˜uR
)
+ h.c. , (32)
Odφ =
(
φ†φ
) (
Q¯LφdR
)
+ h.c. , (33)
Oug =
(
Q¯Lσ
µνT auR
)
φ˜Gaµν + h.c. , (34)
Odg =
(
Q¯Lσ
µνT adR
)
φGaµν + h.c. , (35)
Oφg =
(
φ†φ
)
GaµνG
a,µν , (36)
where φ is the SM Higgs doublet (with φ˜ ≡ iσ2φ?),
Ga,µν denotes the QCD gauge-field strength and QL and
uR(dR) are the SU(2)L quark doublet and charge 2/3(-
1/3) singlets, respectively.
In particular, we assume that the physics which under-
lies Higgs+jet production is contained within (dropping
the dimension index n = 6):
LSMEFT = LSM +
∑
i=uφ,dφ,ug,dg,φg
fi
Λ2i
Oi , (37)
and, to be as general as possible, we allow different scales
of the NP which underly the different operators. For
example, Λuφ corresponds to the typical scale of Ouφ,
where by “typical scale” we mean that the corresponding
Wilson coefficient is fuφ ∼ O(1).
The effects of the operators Ouφ, Odφ and Oφg can be
“mapped” into the kappa-framework, satisfying:
κq '
ySMq
ySMb
− fqφ
ySMb
v2
Λ2qφ
, κg = 1 +
12pifφg
αs
v2
Λ2φg
, (38)
where ySMq /y
SM
b → 0 for e.g., q = u or d, while
ySMq /y
SM
b = 1 for the b-quark. Thus, the sensitivity of
the signal strength µfhj for pp→ h+ j (defined in Eqs. 9
and 10) to the effective Lagrangian containing the opera-
tors Ouφ, Odφ and Oφg can be obtained from the analysis
that has been performed for the kappa-framework in the
previous section. For example, it follows from Eq. 38
that, for fuφ, fφg ∼ O(1), one expects |κu| <∼ 0.5 and
∆κg = |κg − 1| >∼ 0.1, if the corresponding scales of NP
are Λuφ
>∼ 3 TeV and Λφg <∼ 15 TeV, respectively.
On the other hand, the (flavor diagonal) operators
Oug and Odg induce new chromo-magnetic dipole mo-
ment (CMDM) type, qqg and contact qqgh interactions,
which have a new Lorentz structure and, therefore, can-
not be described by scaling the SM couplings. In partic-
ular, these new CMDM-like operators give rise to differ-
ent Higgs + jet kinematics with respect to the SM. The
effects of the light-quarks and b-quark CMDM-like effec-
tive operators, Oqg (q = u, d, c, s, b), in Higgs production
at the LHC was studied in [32, 65], where it was found
that the inclusive Higgs production, pp → h + X, and
Higgs + b-jets events can be used to probe the CMDM-
like interactions if its typical scale is Λqg ∼ few TeV. Here
we will show that a better sensitivity to the scale of the ef-
fective quark CMDM-like operators, Λqg, can be achieved
by analysing the exclusive pp → h + j(jb) → γγ + j(jb)
Higgs production and decay channels and using the signal
strength formalism with the cumulative cross-sections for
a high pcutT ∼ 200− 300 GeV.
Note that, in the general case where the Wilson co-
efficients fuφ, fdφ, fug and fdg are arbitrary 3 × 3 ma-
trices in flavor space, the operators Ouφ, Odφ, Oug and
Odg will generate tree-level flavor-violating ui → uj and
di → dj transitions (i, j = 1− 3 are flavor indices). One
way to avoid that is to assume proportionality of these
Wilson coefficients to the corresponding 3 × 3 Yukawa
coupling matrices (Yu and Yd), in which case the field
redefinitions which diagonalize the quark matrices also
diagonalize these operators and the effective theory is au-
tomatically minimally-flavor-violating (MFV). That is,
f
Λ2
Oug → Yq · fMFV
Λ2MFV
Oug , (39)
so that the relation between generic NP parameters (f,Λ)
and the corresponding parameters in the MFV effective
theory is (for a single flavor q):
Λ2MFV
Λ2
= yq
fMFV
f
. (40)
Thus, if fMFV ∼ f , then ΛMFV ∼ √yq · Λ, in which
case ΛMFV  Λ for q 6= t. On the other hand, for√
yqfMFV /f ∼ O(1) we have ΛMFV ∼ Λ. In what
follows we would like to keep our discussion as general
as possible, not restricting to any assumption about the
possible flavor structure of the Wilson coefficients. In
particular, we will focus below on a single flavor (diag-
onal element) of these operators and assume that flavor
violation is controlled by some underlying mechanism in
the high-energy theory (not necessarily MFV), thereby
suppressing the non-diagonal elements of these operators
to an acceptable level.
A. The case of Higgs + light-jet production
Let us consider first the operators Ouφ and Oφg, which,
as seen from Eq. 38, modify the SM uuh and ggh cou-
plings in a way that is equivalent to the kappa-framework
(we will focus below only on the case of the 1st generation
u-quark operator Ouφ).[3] In particular, using Eq. 38 and
the analysis performed in the previous section for NP in
the kappa-framework, we plot in Fig. 10 the 68%, 95%
and 99% CL sensitivity ranges in the Λuφ−Λφg plane, for
[3] The effects of Oφg and the top and bottom quarks operators Otφ
and Obφ on the subprocess gg → hg were considered in [29], in
the context of Higgs-pT distribution in Higgs + jet production
at the LHC.
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FIG. 10: The 68%(red), 95%(orange) and 99%(green) CL
ranges in the Λqφ − Λφg plane, corresponding to ∆µfhj ≡∣∣∣µfhj − 1∣∣∣ ≤ 0.05, 0.1 and 0.15, respectively, with pcutT = 400
GeV and for fφg = 1 (upper plot) and fφg = −1 (lower plot).
In both cases |fuφ| = 1, see text.
pcutT = 400 GeV, assuming that µ
f
hj ∼ 1± 0.05(1σ). The
sensitivity ranges are shown for the two cases fφg = ±1,
where in both cases we set |fuφ| = 1, since the cross-
section is ∝ κ2q (see Eq. 19) so that there is no dependence
on the sign of fuφ for y
SM
u /y
SM
b → 0 (see Eq. 38).
We see that a measured value of µfhj which is consis-
tent with the SM at 3σ (i.e, with 0.85 ≤ µfhj ≤ 1.15) will
exclude NP with typical scales of Λφg
<∼ 15 TeV (equiva-
lent to κu
>∼0.6) and Λuφ<∼2 TeV (equivalent to κg>∼1.1),
for fφg = −1. In the case of fφg = 1, there is an allowed
narrow band in the Λuφ −Λφg plane, stretching down to
NP scales of Λφg ∼ 5 TeV and Λuφ ∼ 1 TeV, which are
consistent with 0.85 ≤ µfhj ≤ 1.15. We note that, as in
FIG. 11: Sample of tree-level diagrams for gq → hq, q =
u, d, c, s, b generated by the CMDM-like effective operator
Oqg, where the heavy dot represents the CMDM-like vertices.
There are additional diagrams for the subprocess qq¯ → hg
and gq¯ → hq¯ that can also be obtained by crossing symmetry.
In the case of a Higgs + light jet production, pp → h + j,
diagrams (b) and (c) are essentially absent (i.e., yq → 0).
the kappa-framework analysis, these sensitivity ranges in
the Λuφ − Λφg plane mildly depend on the calculation
scheme of the SM-like diagrams involving the ggh inter-
action, i.e., on the difference between the point-like ggh
approximation and the exact 1-loop results.
FIG. 12: The differential pT (h) distribution, dσ(pp → h +
j)/dpT (h), in the SM and with NP in the form of Oug, for
Λug = 1 and 2 TeV with fug = 1 and with an invariant mass
cut of mh+j ≤ 1 TeV. The SM curve was obtained using
the point-like ggh approximation which, as mentioned earlier,
overestimates the SM cross-section for pT (h)>∼ 200 GeV.
We study next the effect of the CMDM-like operator
Oug on pp → h + j (again focusing only on the u-quark
operator). The tree-level diagrams corresponding to the
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FIG. 13: The NP signal ∆µfhj(Oug), as a function of Λug for
fug = 1, p
cut
T = 100, 250, 400 GeV and an invariant mass cut
of mh+j ≤ 2 TeV. The horizontal red line indicates the 5%
accuracy level. See also text.
contribution of Oug to pp→ h+j are depicted in Fig. 11.
They contain the momentum dependent CMDM-like uug
vertex and uugh contact interaction, which do not inter-
fere with the SM diagrams in the limit of mu → 0. In
particular, in the presence of Oug, the total pp → h + j
cross-section can be written as:
σhj = σhjSM +
(
fug
Λ2ug
)2
σhjug , (41)
where the squared amplitudes for σhjSM are given in
Eqs. 6-8 (see also Eq. 18) and σhjug is the NP cross-section
corresponding to the square of the CMDM-like ampli-
tude, which is generated by the tree-level diagrams for
qq¯ → gh, qg → qh and q¯g → q¯h shown in Fig. 11,
with an insertion of the effective CMDM-like uug and
uugh vertices. In particular, σhjug is composed of σ
hj
ug =
σhjug (qq¯ → gh)+σhjug (qg → qh)+σhjug (q¯g → q¯h), where the
corresponding amplitude squared (summed and averaged
over spins and colors) are given by:∑∣∣∣Mqq¯→ghug ∣∣∣2 = 8Cqq uˆtˆ [1− 4vCg + 8v2C2g ] , (42)∑∣∣∣Mqg→qhug ∣∣∣2 = −CqqCqg ∑
∣∣∣Mqq¯→ghug ∣∣∣2(sˆ↔ tˆ) ,(43)∑∣∣∣Mq¯g→q¯hug ∣∣∣2 = −CqqCqg ∑
∣∣∣Mqq¯→ghug ∣∣∣2(sˆ↔ uˆ) ,(44)
with sˆ = (p1 + p2)
2, tˆ = (p1 + p3)
2 and uˆ = (p2 + p3)
2,
defined for q(−p1) + q¯(−p2)→ h+ g(p3).
As illustrated in Fig. 12, the momentum dependent
contribution from Oug drastically changes the pT (h)-
dependence of the cross-section with respect to the SM
FIG. 14: The statistical significance of the signal (upper plot),
NSD = µ
f
hj/δµ
f
hj , for δµ
f
hj = 0.05(1σ), and the expected
number of pp → h + j → γγ + j events (lower plot), as a
function of pcutT , for Λug = 2, 4, 6 and 8 TeV with fug = 1
and with L = 300 fb−1, a signal acceptance of 50% and an
invariant mass cut of mh+j ≤ 2 TeV. See also text.
and also with respect to the case where the NP is in the
form of scaled couplings (i.e., in the kappa-framework).
Indeed, the effect of Oug (or any other NP with a similar
pT (h) behaviour) are better isolated in the harder Higgs
pT regime. This can be obtained by using a relatively
high pcutT for the cumulative cross-section (see below).
Assuming no additional NP in the decay (the effects of
Oug in the Higgs decay is ∝ (mh/Λug)4 and is, therefore,
negligible for Λ ∼ few TeV), the corresponding signal
strength is:
µfhj(Oug) = 1 +
(
fug
Λ2ug
)2
Rhjug , R
hj
ug ≡
σhjug
σhjSM
, (45)
15
FIG. 15: The 68%(red), 95%(orange) and 99%(green) CL sensitivity ranges in the Λbφ − Λφg plane, corresponding to ∆µfhj ≡∣∣∣µfhj − 1∣∣∣ ≤ 0.05, 0.1 and 0.15, respectively, with pcutT = 30 GeV and for fbφ = 1, fφg = 1, fbφ = −1, fφg = 1, fbφ = 1, fφg = −1
and fbφ = −1, fφg = −1, as indicated in the figures.
so that the NP signal, as defined in Eq. 12, is:
∆µfhj(Oug) =| µfhj(Oug)− 1 |=
(
fug
Λ2ug
)2
Rhjug . (46)
In Fig. 13 we plot the NP signal, ∆µfhj(Oug), as a func-
tion of Λug with fug = 1, for p
cut
T values of 100, 250 and
400 GeV and an invariant mass cut mh+j ≤ 2 TeV. As
expected (see Fig. 12), the sensitivity to Λug is signif-
icantly improved the higher the pcutT is. In particular,
while ∆µfhj/µ
f
hj
>∼ 5% for pcutT = 100 GeV and Λug <∼ 4
TeV, for pcutT = 400 GeV we obtain ∆µ
f
hj/µ
f
hj
>∼ 5% for
Λug
<∼ 8.5 TeV.
In Fig. 14 we plot the statistical significance of the sig-
nal, NSD = µ
f
hj/δµ
f
hj , for δµ
f
hj = 0.05(1σ), and the ex-
pected number of events, again assuming that the Higgs
decays via h → γγ, i.e., N(pp → h + j → γγ + j), as
a function of pcutT and for Λug = 2, 4, 6 and 8 TeV
with fug = 1 and an invariant mass cut mh+j ≤ 2 TeV.
N(pp → h + j → γγ + j) is shown for an integrated
luminosity of 300 fb−1 and a signal acceptance of 50%.
We see, for example, that if Λug = 6 TeV, then a high
pcutT ∼ 350 GeV is required in order to obtain a 3σ ef-
fect, for which N(pp → h + j → γγ + j) ∼ O(10) and
O(100) is expected at the LHC with L = 300 fb−1 and
the HL-LHC with L = 3000 fb−1, respectively.
Note that the effect of changing the calculation scheme
of the SM cross-section from the point-like ggh interac-
tion to the exact mass dependent 1-loop one is to change
Rhjug → rgghRhjug in Eq. 45 (rggh is defined in Eq. 15) and
therefore it also increases the statistical significance NSD
by a factor of rggh which depends on the p
cut
T used (see
Fig. 3). Thus, the statistical significance values reported
in the upper plot of Fig. 14 are on the conservative side.
B. The case of Higgs + b-jet production
As mentioned above, the effects of the NP operators
Obφ and Oφg in pp → h + jb, can be described using
the kappa-framework formalism of Eq. 16, with the NP
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FIG. 16: Same as Fig. 15 for pcutT = 200 GeV.
factors multiplying the SM bbh Yukawa coupling (κb) and
ggh coupling (κg) as prescribed in Eq. 38.
In Figs. 15 and 16 we plot the 68%, 95% and 99% CL
sensitivity ranges in the Λbφ−Λφg plane, for (fbφ, fφg) =
(1, 1), (1,−1), (−1, 1), (−1,−1) and pcutT = 30 GeV and
200 GeV, assuming again that the signal strength had
been measured to a 5%(1σ) accuracy with a SM cen-
tral value, i.e., µfhj ∼ 1 ± 0.05(1σ). As in the kappa-
framework analysis of the previous section, we use the
two pcutT values, p
cut
T = 30 GeV and p
cut
T = 200 GeV, as
two representative examples of a high and low statistics
pp → h + jb → γγ + jb signal at the HL-LHC (see also
Fig. 7). As expected, a better sensitivity to the NP is
obtained for the higher pcutT = 200 GeV, where Λbφ
<∼ 3
TeV and Λφg
<∼O(10) TeV can be excluded at 3σ if µfhjb
is found to be consistent with the SM within 15% (3σ).
Here also, similar to the kappa-framework analysis for
pp→ h+jb, the sensitivity ranges in the Λbφ−Λφg plane
for the pcutT = 200 GeV case mildly depend on whether
the SM cross-section is calculated with the point-like ggh
approximation or at 1-loop with a finite top-quark mass.
Finally, we consider the case where the NP in pp →
h + jb is due only to the b-quark CMDM-like operator
Obg. The corresponding tree-level diagrams with the new
momentum dependent CMDM-like bbg vertex and bbgh
contact interaction are shown in Fig. 11, where, as op-
posed to the pp→ h+j case, here there is an interference
(though small - see below) between the CMDM-like dia-
grams and the tree-level SM ones (depicted in Fig. 1). In
particular, in the presence of Obg, the total pp→ h+ jb
cross-section can be written as:
σhjb = σhjbSM +
fbg
Λ2bg
σ1,hjbbg +
(
fbg
Λ2bg
)2
σ2,hjbbg , (47)
where σhjbSM is the SM cross-section (the relevant SM
squared amplitude terms are given in Eqs. 2,3,7,8) and
the NP terms σ1,2bg can be obtained from the following
CMDM-like NP squared amplitudes (summed and aver-
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FIG. 17: The statistical significance of the signal, NSD =
µfhjb/δµ
f
hjb
, for δµfhjb = 0.05(1σ), as a function of p
cut
T , in the
presence of Obg (assuming no additional NP in the decay) for
fbg = 1 and Λbg = 2, 3, 4 and 6 TeV and with an invariant
h+ jb mass cut of mh+jb ≤ 2 TeV.
aged over spins and colors):∑∣∣∣M1,bg→bhbg ∣∣∣2 = 8gsybCqg (4vCg tˆ−m2h) , (48)∑∣∣∣M2,bg→bhbg ∣∣∣2 = − 8Cqg [sˆuˆ (1− 4vCg + 8v2C2g)
+y2bv
2tˆ
]
, (49)∑∣∣∣M1,b¯g→b¯hbg ∣∣∣2 = ∑∣∣∣M1,bg→bhbg ∣∣∣2(uˆ↔ tˆ) , (50)∑∣∣∣M2,b¯g→b¯hbg ∣∣∣2 = ∑∣∣∣M2,bg→bhbg ∣∣∣2(uˆ↔ tˆ) , (51)
where again sˆ = (p1 + p2)
2, tˆ = (p1 + p3)
2 and uˆ =
(p2 + p3)
2, defined for b(−p1) + b¯(−p2)→ h+ g(p3).
We see from Eqs. 48 and 50 above that the interference
terms M1,bg→bhbg and M1,b¯g→b¯hbg (corresponding to σ1,hjbbg
in Eq. 47) are proportional to yb ∼ O(mb/v) and are
therefore sub-leading, so that the dependence of the pp→
h+jb cross-section on the sign of the CMDM-like Wilson
coefficient, fbg, is tenuous. As a result, σ
hjb has a very
similar pT -behaviour as the one depicted in Fig. 12 for
the pp → h + j case. In particular, here also, the Higgs
pT spectrum becomes appreciably harder with respect
to the SM and also with respect to the case of the NP
operatorsObφ andOgφ, due to the momentum-dependent
σ2,hjbbg term, which corresponds to the square of the b-
quark CMDM-like diagrams, generated by the operator
Obg and depicted in Fig. 11.
In Fig. 17 we plot the statistical significance of the Obg
signal for δµfhj = 0.05(1σ), as a function of p
cut
T for fbg =
1 and Λbg = 2, 3, 4 and 6 TeV, imposing an invariant
mass cut of mh+jb ≤ 2 TeV. The results for fbg = −1 are
very similar due to the small interference between the
CMDM-like and SM amplitudes (see discussion above).
We see that, as expected, the sensitivity to the scale of
the CMDM-like operator, Λbg, is higher the higher the
pcutT is. We find, for example, that the effect of Obg with
a typical scale of Λbg ∼ 4 TeV can be probed in pp →
h+jb → γγ+jb to the level of NSD ∼ O(10σ) with pcutT =
200 GeV. The expected number of pp→ h+jb → γγ+jb
events in this case (i.e., for Λbg ∼ 4 TeV, pcutT = 200 GeV
and an invariant mass cut of mh+jb ≤ 2 TeV), assuming
an integrated luminosity of 3000 fb−1, a signal acceptance
of A = 0.5 and a b-jet tagging efficiency of 70%, b = 0.7,
is N(pp→ h+ jb → γγ + jb) ∼ 30 (see also Fig. 7).
As for the sensitivity of the above results to the calcu-
lational scheme: due to the smallness of the interference
term it is similar to that of the u-quark CMDM-like case
in pp → h + j. In particular, the statistical significance
NSD shown in Fig. 17 should also be considered con-
servative with respect to the values which would have
been obtained using the exact 1-loop induced SM cross-
section, i.e., NSD is naively larger by a factor of rggh in
the exact 1-loop calculation case.
V. SUMMARY
We have examined the effects of various NP scenar-
ios, which entail new forms of effective qqh and qqg in-
teractions in conjunction with beyond the SM Higgs-
gluon effective coupling, in exclusive Higgs + light-jet
(pp → h + j) and Higgs + b-jet (pp → h + jb) produc-
tion at the LHC. We have defined the signal strength for
pp → h + j(jb) followed by the Higgs decay h → ff ,
as the ratio of the corresponding NP and SM rates, and
studied its dependence on the Higgs pT spectrum. We
specifically focused on h → γγ and assumed that there
is no NP in this decay channel.
We first analyse NP in pp → h + j(jb) → γγ + j(jb)
within the kappa-framework, in which the SM Higgs cou-
plings to the light-quarks (qqh) and to the gluons (ggh)
are assumed to be scaled by a factor of κq and κg, respec-
tively. In particular, in our notation the scale factors κq
for all light-quark’s Yukawa couplings (q = u, d, c, s, b)
are normalized with respect to the b-quark Yukawa,
κq = yq/y
SM
b , so that in the SM we have e.g., κb = 1
and κu ∼ O(10−3). This NP setup does not introduce
any new Lorentz structure in the underlying hard pro-
cesses (i.e., gg → gh, qg → qh, q¯g → q¯h, qq¯ → gh in the
case of pp → h + j and bg → bh, b¯g → b¯h in the case of
pp→ h+ jb), thus retaining the SM pp→ h+ j(jb) kine-
matics. In particular, we find that strong bounds can be
obtained in the κg − κq plane at the LHC, by measuring
a pT -dependent signal strength for Higgs + jet events at
relatively high Higgs pT . For example, the combination
of κg < 0.8 with κu > 0.25 (κg < 0.8 with κb > 1.5)
can be excluded at more than 7σ at the HL-LHC with
a luminosity of 3000 fb−1, if the signal strength in the
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pp → h + j(jb) → γγ + j(jb) channels will be measured
and known to an accuracy of 5%(1σ), for high pT (h)
events with pT (h) ≥ 400(200) GeV. Recall that in our
notation the corresponding SM strengths of these cou-
plings are κb = κg = 1 and κu ∼ O(10−3).
We also considered NP effects in pp→ h+ j(jb) in the
SMEFT framework, where higher dimensional effective
operators modify the SM qqh Yukawa couplings and the
Higgs-gluon ggh interaction by a scaling factor, similar
to the case of the kappa-framework for NP. We thus uti-
lize an interesting “mapping” between the SMEFT and
kappa-frameworks to derive new bounds on the typical
scale of NP that underlies the SMEFT lagrangian. We
find, for example, that pp → h + j(jb) → γγ + j(jb)
events with high pT (h) > 400(200) GeV at the HL-LHC,
are sensitive to the new effective operators that modify
the qqh (Yukawa) and ggh couplings, if their typical scale
(i.e., withO(1) dimensionless Wilson coefficients) is a few
TeV and O(10) TeV, respectively.
Finally, as a counter example, we study the effects of
NP in the form of dimension six u-quark and b-quark
chromo magnetic dipole moment (CMDM)-like effective
operators, which induce new derivative and new contact
interactions that significantly distort the pp→ h+ j(jb)
SM kinematics and, therefore, cannot be described in
terms of scaled couplings. In particular, in this case,
the high-pT Higgs spectrum becomes significantly harder
with respect to the SM. We thus show that pp → h +
j(jb) → γγ + j(jb) events at the HL-LHC, with a high
Higgs pT of pT (h)
>∼ 400(200) GeV, can probe the higher
dimensional CMDM-like u-quark and b-quark effective
operators, if their typical scale is around Λ ∼ 5 TeV.
Our main results were obtained using an effective
point-like ggh interaction approximation. To estimate
the sensitivity to this approximation, we also compared
samples of our results to the case where the ggh vertex is
calculated explicitly at leading order, which, for Higgs +
jet, corresponds to a 1-loop mass dependent calculation
using a finite top-quark mass.
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